income and minority communities" (3). The executive order does not create laws, but it does require each federal agency to incorporate EJ into its decision-making processes "by identifying and addressing the effects of all programs, policies, and activities on minority populations and low-income populations" (4). In 1997, the U.S. Department of Transportation (USDOT) urged its agencies to comply with Executive Order 12898, and in 1998, FHWA issued an order requiring its agencies "to incorporate EJ in all its programs, policies, and activities" (5). In 2000, FHWA published Implementing Title VI Requirements in Metropolitan and Statewide Planning, which provides suggestions and assistance to metropolitan planning organizations (MPOs) to develop their own guidelines to address EJ (6).
income and minority communities" (3) . The executive order does not create laws, but it does require each federal agency to incorporate EJ into its decision-making processes "by identifying and addressing the effects of all programs, policies, and activities on minority populations and low-income populations" (4) . In 1997, the U.S. Department of Transportation (USDOT) urged its agencies to comply with Executive Order 12898, and in 1998, FHWA issued an order requiring its agencies "to incorporate EJ in all its programs, policies, and activities" (5) . In 2000, FHWA published Implementing Title VI Requirements in Metropolitan and Statewide Planning, which provides suggestions and assistance to metropolitan planning organizations (MPOs) to develop their own guidelines to address EJ (6) .
USDOT policies require state departments of transportation, MPOs, and transportation providers (public transportation operators) receiving federal funding to do the following: (a) analyze the needs of low-income and minority populations, (b) ensure that lowincome and minority populations are included in decision making, (c) ensure that low-income and minority populations are not disproportionately affected by burdens, and (d ) ensure that low-income and minority populations are not denied benefits from transportation projects (4) . More generally, USDOT reports note that "concern for EJ should be integrated into every transportation decision-from the first thought about a transportation plan to post-construction operations and maintenance" (7 ) .
However, USDOT does not provide guidance on how agencies should accomplish these tasks. As a result, MPOs have developed various methods for evaluating their plans in an EJ framework. This project explores how MPOs can combine geographic information system (GIS) and spatial statistics methods to analyze the distribution of transportation projects in a metropolitan region.
This project uses the Philadelphia, Pennsylvania, metropolitan region and scheduled projects for the next few years to test new analytical methods. In the Philadelphia metropolitan area, the Delaware Valley Regional Planning Commission (DVRPC), the local MPO, is the primary agency responsible for making decisions about which transportation projects receive federal funding. In fiscal years 2005 through 2008, more than 600 transportation projects are scheduled for construction, and approximately $1.5 billion is allocated each year for transportation investments. Given that such a large amount of money is invested each year and that these transportation projects are an important factor in shaping development at the local and metropolitan scales, it is important to understand the impacts of transportation decisions.
The current methods that MPOs use to evaluate transportation plans from an EJ perspective vary greatly among the agencies.
Spatial Methodology for Assessing Distribution of Transportation Project Impacts with Environmental Justice Framework

Nicholas Klein
Given the importance of transportation planning and the heavy investment in transportation made in metropolitan regions across the country, there is insufficient analysis of the distribution of investments and transportation project impacts. Methods of analysis in the academic arena and in practice by metropolitan planning organizations (MPOs) are not adequate to describe the distribution of impacts or the cumulative nature of these impacts on local populations across a region. Although transportation planners evaluate specific project benefits and burdens and perform some regional distribution analyses, a thorough and scientific analysis of the impacts throughout a region is not currently performed. The project described here offers new methods for the evaluation of transportation project impacts by combining geographic information system practices with spatial analysis techniques to bring additional analytic capabilities to the process. Although this project does not address all of the shortcomings of the current methods, the analysis is a significant improvement over the existing descriptive methods used by MPOs. This project adds to the understanding of the distribution of transportation project impacts by demonstrating a flexible method of analysis of the cumulative impacts of transportation policies on communities over time.
The environmental justice (EJ) movement emerged in the 1970s as a series of grassroots protests against the siting of toxic land uses in minority neighborhoods (1) . Over the next decades, the EJ movement situated the injustices of environmental hazards within a larger framework of civil rights to environmental rights (2) . Within this context, the EJ movement gained entrance to the national political agenda in the form of the 1994 Executive Order 12898, Federal Actions to Address Environmental Justice in Minority and LowIncome Populations, of President Bill Clinton. This paper attempts to describe the challenges of a broadly inclusive EJ policy by focusing on how regional transportation planners evaluate transportation plans from an EJ perspective. By analyzing implementation of EJ policy, the paper speaks to planners, policy makers, activists, and low-income and minority communities. President Clinton's 1994 Executive Order requires "all federal agencies . . . to carefully evaluate how their activities affect low-These methods vary in both the methods used for evaluation and what MPOs measure. Sanchez and Wolf analyzed the extent and the methods that MPOs use to incorporate EJ considerations into transportation planning processes (8) . Several MPOs apply descriptive methods to map the concentrations of targeted or protected populations to "identify and measure direct impacts from policy interventions" (8) .
This study reviewed the methods of evaluating transportation projects in DVRPC's Transportation Improvement Program (TIP) and the long-range plan. The methods used at DVRPC are comparable to the descriptive analysis method described by Sanchez and Wolf (8) and, therefore, to the methods used at several other MPOs. Because the methods are widely used, a thorough evaluation of these methods will have broad implications for other MPOs.
According to DVRPC reports, one purpose of its EJ analysis is to "mitigate potential direct and disparate impacts of its plans, programs, and planning process on defined minority, handicapped and lower income populations" (9) . DVRPC integrates EJ into three main areas in the planning process, (a) citizen participation, (b) an EJ task force, and (c) an "evaluation of Environmental Justice issues through quantitative and qualitative analysis and mapping" (10 (9) .
The qualitative aspect of the study is a visual comparison of the regional facilities in the existing transportation network with the regional goals and policies for the long-range plan. As part of the mapping described above, DVRPC maps the concentrations of minority, low-income, and other populations to the existing and planned transportation projects. Sanchez and Wolf found that this method of mapping was common among MPOs (8) . This study evaluated only this portion of the MPO EJ analysis methods.
Although President Clinton's executive order clearly addresses EJ as it affects minority and low-income populations, MPOs have extended their analyses to include other populations. DVRPC lists the EJ population as comprising the following eight categories, minorities (non-Hispanic), Hispanics, the elderly, the disabled, carless households, impoverished households, female-headed households with child, and limited-English-proficiency households (10) .
The DVRPC analytical EJ assessment involves calculation of a degree of disadvantage for each census tract in the region and the notation of whether the census tract has a transportation project scheduled for implementation. The "degree of disadvantage" is a score based on whether a census tract has an above-average percentage of a specific population. The total score is the sum of the categories for which the census tract has a percentage of a specific population above the regional average. Thus, a census tract with an above-average percentage of elderly, car-less, disabled, and impoverished individuals would be given a degree of disadvantage of 4. Disadvantaged census tracts are further classified as either "disadvantaged" (scores of 1 to 4) or "highly disadvantaged" (scores of 5 to 8) census tracts (10) .
After calculation of the degree of disadvantage for all census tracts, DVRPC determines the distribution of TIP projects across the census tracts and their degrees of disadvantage. In the DVRPC 2005 TIP report, the following statistics are cited: "In the region's 353 most highly disadvantaged census tracts, 166 tracts, or 47 percent, have a TIP project. . . . Of the 673 census tracts that meet 1-4 degrees of disadvantage, 310 tracts, or 46 percent, have a TIP project" (10) . In addition, for public transit projects, 23% of highly disadvantaged census tracts (80 census tracts) have TIP projects Klein 47 and 25% of disadvantaged census tracts (166 census tracts) have TIP projects (10) . Without an analysis of the impacts on low-income and specific minority groups, an evaluation of the location of TIP projects in relation to the location of concentrations of minority and lowincome individuals cannot be readily determined. In addition, the classification system, which highlights only those census tracts with a percentage of a targeted population that exceeds the regional average for census tracts, ignores the impacts on members of those populations that do not live in areas where the percentage of the targeted population is above the threshold (the regional average). For example, low-income families who have moved as part of efforts aimed at deconcentrating poverty to areas that are more economically diverse may not be included by use of this analysis method. In the DVRPC region, 29% (165,000 people) of the households in poverty do not live in census tracts that meet the DVRPC threshold (11) . An alternative method could allow more flexibility in calculating degrees of disadvantage, such as use of the percentage of the census tract population that is elderly (or some other category) as the score for each category. The degrees of disadvantage for a census tract would then be the sum of the percentages of each category, which would allow a more thorough understanding of disadvantage within an area.
Assigning a transportation project to a particular census tract is problematic because it obscures several features. First, this method assumes that project benefits are not separated from project burdens, which makes it difficult to analyze the implications of the analysis and whether projects are good or bad for the community. Second, transportation projects have a variety of impacts, including impacts that are not located at the site of the project. Consider a project that adds lanes to a highway. Although the project may be located in one census tract, the project may decrease the travel times of residents who live far from the census tract. Third, this method does not take into account the scale of each project's impact. The method implies that a bus station enhancement is equivalent to an interchange improvement on a major highway. Similarly, this technique implies that there is no analytical difference between a census tract that has only one project scheduled and a census tract with eight projects scheduled or a transportation project valued at $100 million and a project valued at $50,000.
It is not entirely clear whether the motivation of these types of descriptive analyses is to conform to EJ laws, to mitigate disadvantage, or to provide an understanding of who is receiving the benefits and burdens from transportation investment decisions. These are all possible goals, and committing resources to all of them would be valuable to MPOs. But recognizing publicly which of these is the motivation would be useful to determine whether MPOs are achieving these goals. DVRPC acknowledges this shortcoming: "the utility of such projects in lessening disadvantage is speculative, although such projects do support continued economic development activity and employment opportunities in the City and the region" (9) . Improving the analysis of regional impacts would help MPOs perform richer EJ analyses and would improve the decision-making process. Thus, the existing methods provide a springboard for the development of a more nuanced understanding of regional transportation benefits and burdens.
It is helpful to contextualize the MPO EJ analyses within other studies of transportation distributions and impacts. Existing studies demonstrate the complexity of understanding the nature and geographic distributions of the impacts of transportation projects (12) (13) (14) (15) (16) (17) . Analyses of the distributions of transportation investments demonstrate that investment levels vary but do not provide a detailed understanding of the distribution throughout metropolitan regions (18, 19) .
Studies of EJ generally focus on instances of injustice; Schweitzer and Valenzuela provide a helpful overview of this literature (3). They divide the existing research into three categories: processbased claims (low-income and minority communities are left out of the decision-making process), benefit-based claims (the same groups are not benefiting from decisions), and cost-based claims (the same groups receive a disproportionate burden). A recent study by Castiglione et al. examined which communities benefit from transportation investments and tested a method to predict what members of the population receive benefits and burdens as a result of a project's impact on mobility and accessibility by gender, income, race, and automobile ownership (20) .
Transportation project impacts can be categorized in two groups: regional transportation project impacts and local transportation project impacts. Regional transportation project impacts can be thought of as those that primarily affect the users of the transportation project. These users could be located anywhere. Local transportation project impacts are those that primarily influence the area where the project is physically located. These local transportation project impacts are a mixture of direct impacts, such as air and noise pollution, and secondary effects, such as changes in automobile ownership, population, rents, labor participation, and other variables. As Boarnet notes, it can be difficult to ascertain the causes of secondary effects and whether transportation investments cause changes to a neighborhood or whether an already changing neighborhood encourages transportation investments (13) .
Although the existing studies paint a part of the picture, a complete understanding of how the costs and benefits are distributed is still elusive. The current methods for analyzing the impacts of transportation investments do not provide a sufficient means for studying the distribution of transportation project impacts in regional plans and the longitudinal distribution of transportation investments in a metropolitan region and have not applied statistical methods to analysis of the distribution.
RESEARCH DESIGN AND METHODOLOGY
This project uses transportation projects from the DVRPC TIP as a test case to develop the methods. DVRPC is a bistate agency, with four counties in New Jersey and five counties in Pennsylvania. The population of the region is approximately 5 million people, with an existing transportation system that includes an extensive road network, several public transportation agencies, a large freight network, and several airports. This project analyzed only surface transportation projects.
In the DVRPC 2005 TIP, 665 transportation projects are included in fiscal years 2005, 2006, 2007, and 2008 . Of these projects, 530 projects are in Pennsylvania, and 135 are in New Jersey. The expenditures outlined in the project total more than $5 billion, with $3.5 billion going to Pennsylvania and $1.8 billion going to New Jersey. In each year, the funding is allocated relatively evenly between primarily automobile-oriented projects and mass transit projects. Because of the disparity in investment levels between the Pennsylvania and New Jersey portions of the DVRPC region, this study uses only the TIP projects in Pennsylvania.
The Safe, Accountable, Flexible, Efficient Transportation Equity Act: A Legacy for Users requires MPOs to produce a list of transportation projects for implementation in the coming years that they have committed to funding. Each state has its own guidelines for how regularly the MPO must update the TIP; in Pennsylvania, the MPO must update the TIP every other year, whereas in New Jersey the list is updated annually. Once the MPO updates the TIP, the set of projects included is fiscally constrained and can be considered the plan of action for the MPO. The region's TIP comprises projects that either require federal funding or are regionally significant, that is, that are drawn from the long-range plan or projects that help to implement the long-range plan. TIP includes a wide variety of transportation projects, including highway and transit, nonmotorized, freight, congestion management, neighborhood transportation investments (such as improved lighting or sidewalks), and funding for transportation research.
Information about the costs of projects was obtained from published reports and the DVRPC online TIP database and was joined with the GIS database. Analysis of the TIP database shows that two projects are significantly more expensive than the other projects. These two projects cost $269,614,000 and $203,422,000, respectively. The more expensive projects are the construction of a new interchange between I-95 and the Pennsylvania Turnpike and the reconstruction of the Market Street elevated subway in West Philadelphia.
The current MPO method for analyzing projects examines only whether each census tract contains a TIP project. As described earlier, this process does not account for the differences in the scale of the transportation impact, nor does it recognize that a census tract may have multiple projects. Instead of examining a census block only in terms of whether or not it contains one or more projects, it would be more informative to take each project and distribute its impact to the affected areas and then summarize this set of distributions throughout the region.
Because this project does not attempt to model the specific transportation project impacts but instead attempts to pursue methodologies, the local transportation project impacts of each transportation project are modeled. To accomplish this, the project impacts are spread outward from the project location. Both the type of project and the monetary investment were used to determine how the project affects the surrounding neighborhoods. Table 1 shows how the project typology was used to spread the project impacts around each location.
The impact areas used in this analysis are subjective and were created to test this method. The impacts were modeled as values that decline as the distance from the project location increases. To accomplish this, project impacts were distributed over the specific region by using a kernel-density function with the ArcView (version 9.1) program. The monetary value of the project was used as an input to the kernel-density function. This can be thought of as an intensity factor for each project, so projects that are more expen- sive distribute a greater impact in the same area. This process is done for each project, and then all of the project impacts throughout the metropolitan areas are added together to create a composite of the impacts from all the projects. Figure 1 shows two maps of the Pennsylvania region of the DVRPC jurisdiction area. Figure 1a shows the DVRPC 2005 TIP projects for Pennsylvania. The lines represent projects along roads, highways, or transit lines; the points locate where bridge or intersection projects are scheduled; and the polygons indicate areas where streetscape or corridor projects are designated. Figure 1b shows the composite surface of distributed project impacts. The areas in white have no projects that affect them, and the darker areas signify areas where the impacts from projects are greater, with the project impacts scaled with shading by the investment amount. There appear to be concentrations of projects in Philadelphia and also northeast and north of Philadelphia (Figure 1b) . This comparison illustrates that the distributed impact map (Figure 1b) provides a much richer description of the distribution of project impacts throughout the region.
The TIP GIS database received from DVRPC does not include all of the projects in the TIP. Approximately 34% of the projects in the TIP were not included in the analysis. A small number of these are road projects, but without more detailed descriptions, it is difficult to know why they were not included in the GIS database. Many of the other nonmapped projects have zero committed funding (for fiscal years 2005 to 2008, although they may have funding in later years), are nonmotorized projects, or are other projects not directly tied to the transportation infrastructure (such as funding for transportation studies).
Spatial Analysis
Use of a combination of descriptive GIS analysis with spatial statistics is useful for confirmation that the descriptive methods are working. The statistical analysis is used to reveal patterns of concentrations (or lack thereof ) of transportation project impacts to locate areas that are receiving locally disproportionate levels of transportation project impacts. These impacts are not apparent by Given a region divided into n partitions, the data for each partition, i, are summarized and represented at a point location (generally the centroid). In this project, the data were aggregated to the census tract level because there are a large number of tracts and each census tract has a population of about 4,000 people. The use of census tracts allows comparison of the results with those obtained by the MPO analysis method. Other partitions were tested and did not produce significantly different results by use of this data set. Figure 2 shows the TIP impact surface that was created, and then this same data set was aggregated at the census tract level.
The distributed TIP developed earlier is shown in Figure 2a , and the aggregation at the census tract level is shown in Figure 2b . The maps of the distributed TIP and the aggregated TIP show several areas of concentration. The nature of the impact spreading procedure reduces the likelihood of extreme outliers, although in this case there are still a few projects that have much higher impacts than average.
By areal data analysis, partitions are related to each other on the basis of a weight matrix, W. In W, each nonnegative element, W ij , defines the degree of influence of partition j on partition i, and it is assumed that all relationships are pairwise and can be defined by a single number. Different matrices can yield different results, and thus, it is important to test several of them and interpret the results. If the matrices do not change the results dramatically, the results can be confirmed.
In this study, an exponential gravity-model W is used, in which the spatial influence decreases continuously with distance d ij . The model was tested by using several Ws, and the results did not change much with these variations.
In the exponential W, the values of α tested ranged from 5 to 25, and results with α values >10 did not widely alter the results. A radial distance measure was also tested by using a radial distance that is approximately 1 ⁄ 15 of the maximum distance between centroids. The results from tests with the two Ws were not dramatically different; both resulted in the same areas of concentration.
For any given set of nonnegative values, x = (x 1 , . . . , x n ) at n locations and a nonnegative n-by-n matrix of weights W, the global G*-statistic is a measure of the concentration for the entire region:
If p i denotes the fraction of x at location i, where the G*-statistic can be simplified to where w ij defines the spatial relationship between locations i and j.
Consider the case in which the data being measured at each partition i are the population. Thus, p i is the probability of sampling a person in partition i, and p i p j is the probability of selecting people from both i and j. If the spatial weights are allowed to be a measure of distance i to j, w ij can be rewritten as a measure of distance, a(d ij ). Since a(d ij ) is a measure of distance, it can also be interpreted as a measure of accessibility of i to j (22, pp. 39-40). G * ( p) can be rewritten as with an expected value Thus, G*(p) can be seen as the mean accessibility of the population within the region, with the highest G * (p) value obtained in the 
Subpopulation Accessibility to Transportation Project Impacts
An alternative formulation incorporates information about the census tract populations: where z′ = population of the subgroup, W = weight matrix, x 2 = value of transportation project impacts, and U 2 and U 1 = unit vectors.
This alternative formulation of the G*-statistics can be interpreted to evaluate the spatial mismatch between the per person accessibility of subpopulations to the location of transportation project impacts. Figure 3 shows an example of the subpopulations and compares the TIP impacts with the distribution of the minority (non-Hispanic) subpopulation. It is clear that the TIP impacts are spread throughout the region and that many of the impacts are not located near the population of interest. Table 2 shows preliminary results of the analysis of the accessibility of the subpopulations. The last test, which is for the total degree of disadvantage, uses DVRPC's degree of disadvantage score itself as a subpopulation to be tested.
These results appear to show low G * i -statistic values for all categories, which is interpreted as a low measure of accessibility of the subpopulation to the impacts of the TIP. In addition, the p-value is the percentage of the chance of realizing a higher G * i -statistic value, that is, greater accessibility, than the observed value in a random permutation of these values, given the locations and W. The results imply that the subpopulations have little access to transportation project impacts. Although the specific numbers here are useful, this method would perhaps be more useful for comparison of the changes in accessibility of subpopulations over time and among competing transportation plans.
Spatial Accessibility Distribution
An alternative formulation of the G*-statistics can be used to spatially account for each census tract, the population, and transportation project impacts relative to the region. where W(i,:) is the accessibility of the population in census tract i to the population at locations j = 1, . . . , n, and Z i is the value of transportation impact at the census tract level. The inputs for this statistical model are the population per census tract and the TIP impact per census tract; both are shown in Figure 4 .
The G*-statistic is used to measure and map per person accessibility. Figure 5 shows the p-values map and shows the significant concentrations of high and low levels of accessibility. Populations with higher levels of accessibility per person to transportation project impacts are darker. Populations with lower levels of accessibility to transportation project impacts are lighter.
The projects located in the darker areas indicate significant investments. For example, the large area northeast of Philadelphia is the location of one of the most expensive projects in the region, a reconstruction project for an interchange on I-95. This method has the potential to highlight areas of significantly high levels of accessibility but also areas of significantly low levels of accessibility, as shown south of Philadelphia in Delaware County.
Modeling Improvements
In this analysis, local transportation project impacts are spread outward from the transportation project in a simple fashion. For many projects the local impacts are probably not distributed in such a manner. An improvement to the distribution methods would be to change the manner in which project impacts are scaled. The current impact scale is dependent on the monetary investment. A more refined approach might be to normalize the project investments and then use the normalized value to scale each project impact area. This could have the effect of reducing the impact of superexpensive transportation projects.
Analyses of the transportation distributions tend to focus on a year or a set of TIP projects; with the methods described here, any set of projects could be included. It would be valuable to develop a longitudinal database to analyze the cumulative impacts of transportation projects in the region. The archives at DVRPC maintain TIP databases going back to the early 1980s. Studying the investment choices and transportation impact over time could reveal valuable information about the cumulative distribution as well as changes over time.
As it is currently implemented, the procedure does not include the transportation project impacts on travelers in this analysis. A method to identify these travelers would be to use a travel demand model and use a select link analysis technique [as was done by Castiglione et al. (20) ] to locate the users of a transportation facility.
A final improvement would be to develop methods to separate out the benefits and burdens on a regional level. Specific benefits or burdens, such as air pollution, could be modeled independently to determine the spatial distribution of these impacts of transportation projects. With these refinements, the local G*-statistic could be used to develop a more accurate understanding of the distribution of transportation project impacts.
CONCLUSIONS
This project has shown that the use of spatial statistics can reveal additional information about the distribution of transportation investments. Current methods do not adequately describe the regional distribution of transportation project impacts. This project demonstrates a flexible method of analyzing the cumulative impacts of transportation policies on communities over time. Although it does not address all of the shortcomings of the current system, it begins the process of providing a more rigorous, nuanced, and accurate model for understanding the distribution of transportation project impacts.
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